Nature of dark energy remains unknown. Especially, to constrain the time variability of the dark-energy, a new, standardisable candle that can reach more distant Universe has been awaited. Here we propose a new distance measure using fast radio bursts (FRBs), which are a new emerging population of ∼ ms time scale radio bursts that can reach high-z in quantity. We show an empirical positive correlation between the time-integrated luminosity (L ν ) and rest-frame intrinsic duration (w int,rest ) of FRBs. The L ν − w int,rest correlation is with a weak strength but statistically very significant, i.e., Pearson coefficient is ∼ 0.5 with p-value of ∼0.038, despite the smallness of the current sample. This correlation can be used to measure intrinsic luminosity of FRBs from the observed w int,rest . By comparing the luminosity with observed flux, we measure luminosity distances to FRBs, and thereby construct the Hubble diagram. This FRB cosmology with the L ν − w int,rest relation has several advantages over SNe Ia, GammaRay Burst (GRB), and well-known FRB dispersion measure (DM)-z cosmology; (i) access to higher redshift Universe beyond the SNe Ia, (ii) high event rate that is ∼ 3 order of magnitude more frequent than GRBs, and (iii) it is free from the uncertainty from intergalactic electron density models, i.e., we can remove the largest uncertainty in the well-debated DM-z cosmology of FRB. Our simulation suggests that the L ν − w int,rest relation provides us with useful constraints on the time variability of the dark energy when the next generation radio telescopes start to find FRBs in quantity.
INTRODUCTION
Revealing nature of dark energy is one of the biggest challenge in astronomy and physics. Especially the time variability of dark energy remains unknown. Type Ia supernovae (SNe Ia) have been used to map the accelerating expansion of the Universe, reaching as far as z ∼1.7 (Riess et al. 1998; Suzuki et al. 2012) . However, much farther distances can not be measured by SNe Ia. The event rate of SNe Ia declines at higher redshifts due to the time delay from star formation (Rodney et al. 2014) . SNe Ia are too faint to be observed at more distant Universe even with the largest telescopes to date. To constrain the equation of state of the dark energy parameterised by w (=P/ρ, i.e., pressure divided by energy density), especially the time dependence of w, it is essentially important to observe high-z Universe to break the degeneracy between cosmological models (Linder & Huterer 2003; King et al. 2014) . In regard to this point, a new, standard-E-mail: tetsuya@phys.nthu.edu.tw isable candle that can reach more distant Universe has been awaited.
Several candidates of high-z standard candle have been proposed. Gamma-Ray Bursts (GRBs) show an empirical correlation between an isotropic energy and spectral energy peak (Amati et al. 2002; Yonetoku et al. 2004 ) which enables us to estimate an intrinsic luminosity from observed spectral peak energy independent from redshift and cosmological assumptions (e.g., Tsutsui et al. 2009 ). Quasars also could be used as a standard candle due to a correlation between the intrinsic luminosity and X-ray to UV flux ratio (Risaliti & Lusso 2015; Lusso & Risaliti 2016 , 2017 . CO galaxies were proposed as a possible standard candle, which show a positive correlation between CO (1-0) line width and the intrinsic luminosity (e.g., Goto & Toft 2015; Wu et al. 2019) . Although these candidates have a potential to investigate the high-z Universe beyond SNe Ia, the empirical correlations need to be firmed further in order to use them as a powerful tool to constrain the nature of dark energy.
Fast Radio Bursts (FRBs), which are a new emerging population of ∼ ms time scale radio busts, have a potential to reveal the nature of dark energy, because FRBs can reach high-z beyond SNe Ia in quantity (Fialkov & Loeb 2017) . Indeed the observed dispersion measure (DM) of FRBs can be used to constrain the cosmological parameters in combination with independent measurement of redshift (e.g., Zhou et al. 2014) . DM is an indicator of distance to FRB because the more distant FRB should have the larger DM due to the larger amount of intergalactic medium between the FRB and Milky Way. However this DM-z cosmology suffers from an uncertainty of intergalactic electron density models, which degenerates with cosmological parameters (Jaroszynski 2019) .
In this paper we show a positive correlation between a time-integrated luminosity (L ν ) and rest-frame intrinsic duration (w int,rest ) of FRBs. We propose to use the correlation to measure intrinsic luminosity of FRB from observed w int,rest . For this purpose, the L ν -w int,rest relation needs to be confirmed with spectroscopic redshift that is independent from cosmology and to be calibrated with other standardisable candle. By comparing the intrinsic luminosity with observed flux, we measure luminosity distances to FRBs, and thereby, construct the Hubble diagram. As we discuss below, this FRB cosmology with the L ν − w int,rest relation is free from the uncertainty from intergalactic electron density models.
The structure of this paper is as follows. In Section 2 we describe our sample selection criteria. We demonstrate an empirical positive correlation between L ν and w int,rest of FRBs in Section 3. Possible physical models and applications of the L ν −w int,rest relation are discussed in Section 4 followed by a conclusion in Section 5.
When needed, we assume the first-year Wilkinson Microwave Anisotropy Probe (WMAP1) cosmology (Spergel et al. 2003 ) as a fiducial model, i.e., Λ cold dark matter cosmology with (Ω m ,Ω Λ ,Ω b ,h)=(0.27, 0.73, 0.044, 0.71), unless otherwise mentioned. Throughout this paper, we assume that each burst has the same duration in all radio frequencies.
SAMPLE SELECTION

Source catalogue
We compiled 68 "verified "FRBs from the FRBCAT project 1 (Petroff et al. 2016) , which were confirmed via publication, or received with a high importance score over the VOEvent Network. The compiled catalogue includes FRB ID, telescope, galactic latitude (b), longitude (l), sampling time (w sample ), central frequency (ν obs ), channel bandwidth (∆ν obs ), presence of scattering broadening, observed dispersion measure (DM obs ), observed burst duration (w obs ), and observed fluence (E ν obs ) together with errors of these observed parameters.
Deriving redshift and DM IGM
The observed dispersion measure contains the contributions from the Milky Way (DM MW ), intergalactic medium 1 http://frbcat.org/ (DM IGM ), and host galaxy of FRB (DM host ).
To estimate DM MW we used the YMW16 electron-density model (Yao et al. 2017 ) of the Milky May. In the calculation, DM MW is accumulated up to the distance of 20 kpc along the line of sight to FRBs. The host galaxy's contribution is assumed as DM host = 50.0/(1 + z) pc cm −3 by following the previous work (Shannon et al. 2018) . Here DM IGM reflects the amount of electrons in between the FRB host and the Milky Way. Apart from the local inhomogeneity of the intergalactic medium, the amount of the intervening electrons increases with increasing distance to the FRB on average. Therefore, DM IGM can be an indicator of distance to FRB or redshift by assuming the cosmology and density evolution. The mean dispersion measure of intergalactic medium (e.g., Zhou et al. 2014 ) is expressed as
for the flat Universe, where X e,H and X e,He are the ionisation fractions of the intergalactic hydrogen and helium, respectively. Y H = 3 4 and Y p = 1 4 are mass fractions of H and He. f IGM is a fraction of baryons in the Universe contained within intergalactic medium. The equation of state of dark energy is expressed as w. We assumed X e,H = 1 and X e,He = 1. This assumption is reasonable up to z ∼ 3 (Zhou et al. 2014) , because intergalactic medium is fully ionised. We use f IGM = 0.9 at z > 1.5 and f IGM = 0.053z + 0.82 at z < 1.5 by following the literature (Zhou et al. 2014) .
Thus, Eq. (1) is a function of redshift with the observed DM obs and calculated DM MW . The solution provides individual FRBs with redshift and DM IGM estimates.
Estimate of intrinsic duration
The observed pulse duration of FRB is broadened by the instrumental and astrophysical sources in general. To estimate the intrinsic duration of FRB, these broadening components need to be subtracted. The instrumental pulse broadening includes the sampling time scale and dispersion smearing. It is obvious that the temporal resolution can not be better than the sampling time scale, which broadens the pulse. The dispersion smearing is caused by the finite spectral resolution of radio observations. The arrival time of FRB delays depending on the frequency due to the dispersion. This delay still exists in the intra-channel bandwidth which broadens the observed pulse. The larger the dispersion measure, the larger the time delay. Thus the broadened width by the dispersion smearing is expressed as
∆ν obs MHz
where ∆ν obs is the channel bandwidth and ν obs is the observing frequency. The astrophysical source of pulse broadening is the scattering process of the radio emission possibly in the intergalactic medium or host galaxy, since the scattering in the Milky Way is negligible (Macquart & Koay 2013) . In fact some FRBs show clear asymmetric broadening tails which are considered to be the scattering (Thornton et al. 2013) . Although more data are required to conclude which source predominantly contributes to the scattering, it is likely that the strong turbulence in host galaxies cause such an obvious scattering broadening. We denote the scattering broadening as w IGM/host to express possible contributions from intergalactic medium and host galaxy. By assuming a Gaussian function for instrumental broadening, they can be subtracted as follows. 
where w int+IGM/host is the convolution between the intrinsic duration of FRB (w int ) and w IGM/host , and w sample is the sampling time scale. For the FRBs without any scattering feature, Eq.(4) can be simplified to
given that w IGM/host is negligible. By following Eq. (3), (4), and (5), w int+IGM/host and w int are calculated. We note that w int is the intrinsic duration in the observed frame. The rest frame intrinsic duration, w int,rest , is calculated as w int,rest = w int /(1 + z).
Estimate of time-integrated luminosity
The time-integrated luminosity of FRB at rest frame ν rest GHz, Lν rest , is calculated by following literature (i.e., time integration of Eq. 2 in Novak et al. 2017) .
where d l (z) is the luminosity distance to FRB calculated from redshift and E ν obs is the observed fluence. The WMAP1 cosmology (Spergel et al. 2003 ) is assumed to derive d l (z). We assumed power law spectra expressed as E ν obs ∝ ν α obs . Among 27 robust sample (see Section 2.5), α is measured for 15 FRBs (Macquart et al. 2019) . We used the individual α measurement for the 15 FRBs, and assumed a mean value of α = −1.5 (Macquart et al. 2019 ) for other FRBs. The rest frame frequency, ν rest = 1.83 GHz, is adopted to minimise the factor of
Selection of robust sample
The correction terms of DM MW , DM host ,w sample , w DS , and pulse broadening by scattering could have large uncertainties to calculate DM IGM , i.e., redshift, and w int . Therefore we applied criteria to select robust sample as follows.
The criterion (i) ensures the robust estimate of DM IGM and redshift by excluding FRBs that have relatively large correction terms of DM MW and DM host . The criterion (ii) is same as (i) but for w int by excluding FRBs with relatively large instrumental broadening. For the criterion (iii), we excluded FRBs that show a hint of scattering tail in their pulses from the robust sample except for FRB 180110, 180119, 180130, and FRBs detected by CHIME for which pulse duration are reported after deconvolution of exponential pulse broadening function (Shannon et al. 2018 ; CHIME/FRB Collaboration et al. 2019). The pulse broadening by scattering is attributed to the host galaxy or intergalactic medium. In any case, the scattering is a contamination for w int estimate. Therefore FRBs indicating scattering are excluded from our analysis. By applying the criteria, we selected totally 27 robust FRBs. Observed and derived parameters of the robust sample are summarised in table 1 and 2, respectively.
RESULTS
Luminosity-Duration Relation
As described in Section 2, we selected 27 robust FRBs from 68 confirmed FRBs in the FRBCAT project (Petroff et al. 2016) . The robust FRBs must have secure measurements of the dispersion measure of intergalactic medium (DM IGM ) and intrinsic duration (w int ) without any sign of the scattering broadening (Fig. 1a) . The scattering broadening is considered to be caused by the turbulence in the host galaxy or intergalactic medium. Since in either case this effect is a contamination in measuring the intrinsic duration of FRBs. Based on the FRBCAT catalogue, FRBs with a sign of the scattering broadening were excluded from the robust sample (see Section 2 for details).
At the moment, most FRBs do not have observed redshifts. Therefore, to measure the L ν , the robust measurement of DM IGM was used to estimate redshifts of FRBs based on Eq. (1). L ν and w int,rest were calculated from the observed fluence, spectral index, pulse duration, and redshift (see Section 2 for details) with an assumed cosmology. To examine the L ν − w int,rest relation, the cosmological parameters of WMAP1 (Spergel et al. 2003) are assumed.
In Fig. 1b , the robust FRB sample shows a correlation between L ν and w int,rest . The best-fit linear function is log(w int,rest ) = (0.22 ± 0.06) × (log(L ν ) − 32.5) + (0.33 ± 0.03) (7) with a 0.28 dex dispersion from the best fit along log(w int,rest ) axis. While the different cosmological assumptions can affect the L ν − w int,rest relation, the uncertainty changes the relation only in a systematic way. The L ν − w int,rest relation slightly changes when different cosmological parameters are assumed (Fig. 1b) . Regardless of the different cosmological assumptions, the L ν − w int,rest relation is persistent.
Error budget
To estimate errors reflected in the L ν -w int,rest relation, we included observational uncertainties of pulse duration, dispersion measure, and fluence from the FRBCAT project (Petroff et al. 2016) . The remaining uncertainty is redshift error. Since redshift is estimated from Eq. (1) through DM IGM (Eq. 2), the density fluctuation of intergalactic medium is responsible for the redshift uncertainty. We used the recent simulation results of the dispersion measure of intergalactic medium (Zhu et al. 2018 ). In the literature, the stochastic fluctuation of dispersion measures along different lines of sight depends on not only redshift but also (Macquart et al. 2019 ). We assumed a mean value of α = −1.5 (Macquart et al. 2019) , if α is not available. (6) the resolution of calculation. As a conservative assumption, we used the highest uncertainty of dispersion measure as a function of redshift reported in the literature. Since the error propagation is complicated, we performed Monte Carlo simulations to estimate errors in the L ν -w int,rest relation by independently assigning 10,000 errors to DM obs , w obs , DM IGM (z), and E ν obs . In the Monte Calro simulations, the variation of cosmological parameters are not included, since the uncertainty results in the systematic differences in the L ν -w int,rest relation rather than the statistical uncertainty. Instead, we checked the systematics in Fig. 1b with the different cosmological assumptions.
To examine the dominant source of the dispersion around the L ν -w int,rest relation, Fig. 1b was standardised into Fig. 2 . In Fig. 2 the physical scale lengths in both axes are identical in unit of standard deviations of log(w int,rest ) and log(L ν ). In the standardised space the error of w int,rest is larger than that of L ν in most cases, which suggests the data dispersion around the L ν -w int,rest relation is dominated by the observational uncertainty of w int,rest . Therefore when the correlation is fitted by a linear function, we use log(w int,rest ) as a vertical axis and minimised the residual from the fit function along the log(w int,rest ) axis. The data dispersion around the best-fit linear relation along log(w int,rest ) axis is 0.28 dex in physical scale. This value is actually comparable to a typical error size of log(w int,rest ) (∼ 0.2 dex) in Fig. 1b. 
Pearson coefficient and Kendall's tau
The strength of the correlation between the luminosity and intrinsic duration of FRBs was investigated by the Pearson coefficient. Monte Carlo simulations were performed to take into account errors of individual data in Fig.1b by adding random errors that follow Gaussian probability distribution function. We simulated 10,000 errors for individual data and calculated Pearson coefficients (Fig.3a) . The coefficient distribution peaks around 0.5 that indicates a weak strength of the positive correlation. Although within the uncertainties of data points the coefficient can be 0.0 that corresponds to no correlation between two parameters, such probability is extremely low. Supposing that the possible selection bias (see Section 4) weakens the correlation, the coefficient might Column (1) FRB ID. (2) Dispersion measure of Milky Way along a line of sight to FRB, based on YMW16 model (Yao et al. 2017 ). DM MW is accumulated up to 20 kpc. (3) and (6) Redshift calculated from Eq. (1). (4) and (7) Time-integrated luminosity at rest frame 1.83 GHz. (5) and (8) Rest frame intrinsic duration. All uncertainties include observational uncertainties of pulse duration, dispersion measure, and fluence together with a density fluctuation of intergalactic medium estimated from a simulation (Zhu et al. 2018 ) (see Section 2 for details).
be the lower limit. P-value of the Pearson coefficient is an indicator of a statistical significance of correlation. The pvalue peaks at p = 0.038 (Fig. 3b ). This value is lower than a threshold value of p = 0.05. The correlation strength was also checked with Kendall's tau value (Knight 1966) . The value close to 1 indicates strong agreement with a correlation while -1 indicates strong disagreement. The peak of tau is at ∼0.3 indicating a weak strength. The p-value peaks at 0.023 that is consistent with the Pearson p-value. Therefore we conclude that the correlation is with a weak strength but statistically significant within observational uncertainties.
DISCUSSION
Selection bias
We imposed three criteria to construct a robust sample as described in Section 2. Here we mention possible biases caused by the criteria. The criterion (i) preferentially selects FRBs in a large altitude from the Galactic plane. This is unlikely a bias, because these FRBs are supposed to be extra-galactic sources. The possible bias of the criterion (i) is that the lower-redshift FRBs have a higher probability to be excluded due to the relatively larger contribution of DM MW and/or DM host to DM obs , since DM IGM term is relatively small compared with other terms. The low-z FRBs also could be missed due to a small survey volume. Therefore, in terms of luminosity bias, fainter FRBs might be missed in Fig. 1b even though more fainter FRBs can be detected at lower redshift. The criterion (ii) tends to exclude intrinsically shorter duration or lower redshift due to a factor of (1 + z) broadening. These biases caused by criteria (i) and (ii) do not significantly affect on the correlation between the luminosity and duration, because only the faint and short end of the relation is limited by the possible biases. The criteria (iii) could miss a possible contribution from the scattering broadening for faint FRBs, because faint FRBs might not show any clear scattering features because of the lower signal-tonoise ratio even if they actually have scattering broadening. In this sense fainter FRBs potentially have a scattering contamination that broaden the calculated intrinsic duration. This possible bias tends to weaken the correlation. Although there could be selection biases, the impact is unlikely significant or even weakens the correlation. Therefore it is possible that the less biased future observations might reveal a stronger correlation between the luminosity and duration.
Theoretical models to naturally explain the L ν -w int,rest relation
Astrophysically, the relation will help us understand the physical origin of FRB. There exist plethora of physical models of FRBs, but at least one of the models should be able to explain the L ν − w int,rest relation. Models whose luminosity scales with duration would be preferred. The models which do not reproduce the relation cannot be the explanation for the all of the FRBs. To help theoretical understanding, it is an important task on the observational side to quantify the slope and scatter of the relation more precisely, providing a qualitative test for theoretical models. A number of physical origins or progenitors of FRBs have been proposed to explain energetic and emission mechanisms for repeating and non-repeating FRBs. However, there has been no single generally accepted model. Although it is out of the scope of this paper to fully address the origin of FRBs, we briefly mention individual models for nonrepeating FRBs and possible explanations of the Lν − w int,rest relation, since repeating FRB 121102 does not meet our selection criteria for the robust sample. Non-repeating FRB models can be categorised into roughly 5 types; AGN, collapse, collision, merger, and SN remnant.
The AGN model considers an interaction of AGN jet with a surrounding cloud resulting in strongly beamed Bremsstrahlung radiation in pulses (Romero et al. 2016 ). The collapse model includes a collapse of a neutron star to a black hole (Falcke & Rezzolla 2014; Fuller & Ott 2015) . During the collapse, a violent magnetic reconnection is expected to release an energy that is large enough to explain FRBs. The collision model has a variety of FRB progenitors. One model is a collision between a neutron star and a comet or an asteroid (Geng & Huang 2015) . When the neutron star collides with the comet that is confined to the neutron star's poles by strong magnetic stresses, a gravitational energy will be released and an electrostatic equilibrium will be disturbed that results in magnetic reconnection at the collision site to generate an FRB. The merger model also has a diversity including mergers between any two of a neutron star, a black hole, and a white dwarf. In the case of the double neutron stars, magnetic breaking is expected to generate coherent radiation in which the standard strength of magnetic field can explain the observed FRB fluxes (Totani 2013). The SN remnant model considers a neutron star or magnetar surrounded by a nebula. For the magnetar case, a magnetar flare could reach the nebula. The interaction between the flare and nebula forms a magnetised shock which generates a synchrotron maser emission, i.e., FRB (Lyubarsky 2014 ).
Due to the following arguments, the L ν −w int,rest relation might favour AGN, comet collision, and SN remnant with a magnetar cases. In the AGN model, the FRB duration is determined by the size of surrounding cloud (Romero et al. 2016) . The volume of the cloud determines the FRB power, resulting in a positive correlation between the duration and time-integrated luminosity. The comet collision model predicts that the duration is relevant to the comet mass, which also determines the released gravitational energy (Geng & Huang 2015) . The SN remnant with a magnetar model expects that the duration of pulse flare from the magnetar determines the maser pulse duration, i.e., FRB duration. The total energy of the maser radio emission increases with increasing the pulse flare duration (Lyubarsky 2014) .
The slope of the L ν − w int,rest relation also provides an important hint to address physical models, since different models predict different slopes. According to the literature (Romero et al. 2016; Geng & Huang 2015; Lyubarsky 2014) , the SN remnant with a magnetar model predicts a slope of 1.0. Slopes of the AGN and comet collision models are ∼ 0.3 and 0.4, respectively. The observed slope of 0.22±0.06 is closer to the AGN and comet collision models than that of the SN remnant model. More precise future measurement of the slope will provide us with more stringent constraints on the physical models of FRBs.
Since the current observational data are too small to conclude the physical origin of FRBs, the existence of the L ν −w int,rest relation does not strictly rule out any other models. Even the alien civilisations' theory of FRBs cannot be rejected by this argument, because the correlation between L ν and w int,rest is expected with a slope of ∼ 0.3 according to the literature (Lingam & Loeb 2017) . We need to wait for the improved data to conclude.
Possible applications to the cosmology
Advance in physical understanding behind SN Ia and well explored empirical relations enabled us to use SN Ia as an useful standardisable candle. To utilise the L ν -w int,rest relation in cosmological tests as an important ingredient, the relation needs to be well established in both aspects of observation and theory. In this sense, not only high quality observations but also revealing the origin of FRBs is necessary to support the physical motivation as a standardisable candle. If confirmed with future data, the newly discovered L ν − w int,rest relation will open new possibilities on FRB cosmology. In addition to z, and DM, the FRBs will have the 3rd parameter to estimate distances.
(i) A new distance estimate: Using the relation, one can estimate luminosity distance from the observed w int,rest . By comparing the luminosity distance with the measured redshift (from an optical counterpart, or radio emission lines), one can create a Hubble diagram, and thereby estimate cosmological parameters. As estimated in the literature (Zhou et al. 2014; Fialkov & Loeb 2017) , near future radio tele-scopes can easily detect high-z FRB (z < 3) in quantity. And thus, FRBs can be another useful cosmological tool. It has been pointed out that FRBs can be used for cosmology using DM-z relation (Zhou et al. 2014 ). However, it has been often discussed that it is also difficult to achieve the precision due to the large uncertainties from the scatter and evolution in electron density (Jaroszynski 2019) . In contrast, an important aspect of our method is that it does not require DM-z model, removing one of the largest uncertainties from the FRB cosmology.
(ii) The relation can be also used to probe DM(z) itself. The luminosity distance can be derived from the L ν − w int,rest relation. Then, by comparing luminosity distance with the observed DM, then one can map out the DM as a function of the luminosity distance, thereby constraining models on DM(z) (e.g., Ioka 2003) . Observationally, it is more difficult to measure redshifts of FRBs. FRBs disappear quickly. Locating FRB position is not straightforward. However, even when observational redshifts are missing, DM can be mapped out as a function of luminosity distance using our method.
Constraints on cosmology
Regarding (i), we demonstrate how the L ν − w int,rest relation of FRBs will constrain the cosmological parameters in the future. In 2020s, the Square Kilometre Array 2 (SKA) is expected to be in the scientific operation. The SKA will be one of the most powerful instruments to detect FRBs thanks to the high sensitivity, the precise localisation, and the wide field of view. The SKA will be able to discover ∼ 10 5 sky −1 yr −1 FRBs (Fialkov & Loeb 2017) with secure localisation. In order to measure spectroscopic redshifts of FRBs, a strategy of follow-up observations to detect host galaxy is needed as carried out for GRB. In the case of GRBs, host galaxies of ∼ 14% of localised GRBs have been identified with spectroscopic redshifts 34 . Therefore, it would not be too optimistic to expect ∼ 10 3 FRB sample with spectroscopic redshifts in the SKA era through optical follow-up observations (Zhou et al. 2014) . Such a sample is large enough to calibrate the L ν − w int,rest relation to a similar accuracy to the other standard candles such as SNe Ia. We take the calibrated L ν − w int,rest relation with spectroscopic redshifts as an input for the simulation.
First, we created 10 3 artificial FRBs with true redshifts between 0 and 3 by following the literature (Zhou et al. 2014 ) and true rest-frame intrinsic durations that follows the distribution of w int,rest found in our robust sample. Second, the time-integrated luminosity was calculated from the rest-frame intrinsic duration by using Eq. (1), given that the equation is calibrated. The possible intrinsic variation of FRBs might contribute to the dispersion of the L ν − w int,rest relation and then variation of luminosity. This effect was taken into account when we simulated the observation later. In the simulation, we assumed wCDM with WMAP1 parameters as a true cosmology to calculate the fluence of FRBs from the redshift and time-integrated luminosity. Here the mean value of observed FRB spectral index, α = −1.5 (Macquart et al. 2019) , is assumed. Third, observational uncertainties were assigned to fluence, observed-frame duration and redshift of individual FRBs. We used the expected sensitivity and dispersion smearing of the SKA (1 mJy and 0.01 ms) for fluence and duration errors (Torchinsky et al. 2016) . The uncertainty of spectroscopic redshifts, 0.00054(1 + z), is referred from the literature (Scodeggio et al. 2018) .
In the future, due to SKA's small observational errors, which are roughly two orders of magnitude smaller than those of current observations, and spectroscopic redshift measurements that free us from the uncertainty of the electron density models of intergalactic medium, the observational dispersion of the L ν − w int,rest relation will be significantly reduced from the current measurement of 0.28 dex. In such an era, the dispersion of the L ν −w int,rest relation may be dominated by the intrinsic variation of FRBs rather than the observational uncertainty. To reflect the possible intrinsic variation, we assumed two different intrinsic dispersions, i.e., 5% and 1% of the dispersion estimated for our robust sample.
Here, the 1% dispersion case corresponds to a dispersion determined by the observational uncertainty of the SKA, while 5% case is comparable to a level of the intrinsic luminosity dispersion of SNe Ia as described below.
Having these simulated observational data, we return to the calibrated L ν − w int,rest relation and estimate timeintegrated luminosity from the observed duration of FRBs. The time-integrated luminosity and observed fluence enable us to re-construct the luminosity distance and distance modulus independently from redshifts. We utilised the distance modulus as a function of redshift to constrain the cosmological parameters by minimising
where µ obs i and µ th i are observed and theoretical distance module of ith data. σ µ o b s i is the observational error of µ obs i (z i ). Since we focus on how FRBs reduce the cosmological uncertainties, we compared the following three data sets (i) SNe Ia Union 2.1 (Suzuki et al. 2012) only, (ii) SNe Ia and FRBs with 5% dispersion of the L ν − w int,rest relation, and (iii) SNe Ia and FRBs with 1% dispersion with two different cosmological models of wCDM and CPL (Chevallier & Polarski 2001; Linder 2003) with a flat universe assumption. The wCDM model assumes a cosmological constant parameterised by w 0 , while the CPL model assumes redshift dependence of dark energy described as w = w 0 + w a z/(1 + z), where w determines the equation of state of the dark energy, i.e., w = P/ρ.
The constrained cosmological parameters are shown in Fig. 4 . The different colours correspond to the different data sets and three contours of the same colour are 68.27, 95.45, and 99.73% confidence levels, where a likelihood function of L ∝ exp(− χ 2 /2) is adopted. We found that the constraint is essentially limited by the intrinsic dispersion of the L ν − w int,rest relation.
First, we consider the intrinsic dispersion of 5% of the currently observed dispersion. This case roughly corresponds to the level of intrinsic luminosity dispersion measured for SNe Ia. The dispersion of intrinsic luminosity of SNe Ia is ∼0.15 mag (Pan et al. 2014; Mohlabeng & Ralston 2014) that is 0.06 dex in log luminosity. If this value is applied to FRBs, 0.06 dex dispersion of intrinsic luminosity is 0.013 dex dispersion of duration, which is ∼5% of the currently observed one. By combining with SNe Ia, FRBs still provide strong constraints thanks to the higher detection rate and higher maximum redshifts.
Next, we consider the intrinsic dispersion of 1% of the currently observed dispersion. To investigate the 1% intrinsic dispersion case, the observational uncertainty also needs to be reduced down to the same level. The 1% of the current observational uncertainty of log w int,rest is 0.28×0.01 = 0.0028 dex, which corresponds to ∼ 0.6% accuracy. The expected temporal resolution of the SKA, ∼ 0.01 ms, is 0.5% of the typical intrinsic duration of the robust sample, 2 ms. Therefore observational uncertainty is small enough to investigate the intrinsic dispersion down to the 1% dispersion case in the SKA era.
If the intrinsic dispersion is 1% of the currently observed dispersion, FRBs would provide a strong constraint on the dark energy in combination with SNe Ia. We can constrain the equation of state to w a ±0.13 and w 0 ±0.03 for CPL model, which correspond 26% and 3% uncertainties if w a = 0.5 and w 0 = −1.0, respectively. These constraints are probably sufficient to figure out the existence of the redshift evolution of the dark energy with an extremely small uncertainty. In either case, the discovered L ν −w int,rest relation will open new possibilities in the future FRB sciences.
Intrinsic dispersion of the L ν -w int,rest relation
We assumed 1 and 5% of the observed dispersion of the L ν -w int,rest relation in Section 4.4. The assumptions could be optimistic if the FRB luminosity is controlled by not only duration but also other unknown factors. Two decades ago, the peak luminosity of SN Ia has been reported with a dispersion of ±0.8 mag in B band (Phillips 1993) . So far substantial efforts were made to reduce the dispersion by introducing new correction terms such as light curve shape, colour, and host properties of SN Ia. Such detailed corrections allowed us to utilise SN Ia as a standardisable candle. To achieve 5% dispersion case of FRBs, i.e., SN Ia level of the intrinsic luminosity dispersion, it might be necessary to explore additional parameters that determine FRB luminosity. A huge number of FRB detections are expected by the next generation telescopes such as CHIME and SKA, e.g., ∼10 5 sky −1 yr −1 (Fialkov & Loeb 2017) by SKA. In terms of statistical number, FRBs would have an advantage in parameter search to reduce the intrinsic luminosity dispersion compared with other possible candidates of high-z standardisable candles such as GRBs (e.g., Tsutsui et al. 2009 ).
4.6 Advantage of the L ν -w int,rest cosmology As shown in Eq. (2), the amount of ionised material between FRB and us determines DM(z). The amount of ionised material depends on (i) cosmological parameters, (ii) re-ionisation history of IGM, and (iii) how much material in the Universe are in intergalactic medium phase, i.e., f IGM . Therefore redshift derived from DM, z DM , needs a cosmological assumption. The z DM can not be used when cosmological parameters are constrained, because z DM is derived with a cosmological assumption. In this sense both of the L ν -w int,rest and DM-z cosmologies need 'direct' redshift measurements, i.e., z spec .
The difference between the two is whether or not the method uses DM when constraining cosmological parameters. DM-z cosmology uses DM and z spec . The DM includes (ii) and (iii). The factors of (ii) and (iii) degenerate with (i), when the DM-z method constrains cosmology (e.g., Jaroszynski 2019). In contrast, the L ν -w int,rest cosmology uses the luminosity derived from duration and z spec to construct the Hubble diagram. These parameters are free from above (i), (ii), and (iii), once the L ν -w int,rest relation is confirmed with z spec and is calibrated with other standardisable candle as SN Ia was.
CONCLUSIONS
We found the empirical positive correlation between the time-integrated luminosity (L ν ) and the rest-frame intrinsic duration (w int,rest ) of FRBs. In the forthcoming future, FRBs are expected to be found in quantity at high-z. In such an era, this correlation may be useful for cosmology, adding an additional value to FRBs as a new standard candle. Notably, the method is free from the uncertainty on the intergalactic electron density evolution that previous FRB's DM-z cosmology suffered from. Our simulation suggests that the L ν − w int,rest relation provides us with useful constraints on the time variability of the dark energy when the next generation radio telescopes start to find FRBs in quantity. The relation will potentially open a new pathway to shed light on the dark energy.
